Abstract The aim of this paper is to analyze how novices and experts are able to safely adapt and transfer their skills to new technology in medical domain. In order to answer this question, we compared the performance of 12 novices (medical students) with the performance of 12 laparoscopic surgeons (using a 2D view) and 4 robotic surgeons, using a new robotic system that allows 2D and 3D view. Our results showed a trivial effect of expertise (surgeons generally performed better than novices). Moreover, they revealed that experts have adaptive transfer capacities and are able to transfer their skills independently of the humanmachine system. However, even if we observe transfer of skills, we showed that expert's performance may be disturbed by changes in their usual environment. In a safety perspective but also for novice and expert training, this study emphasizes the necessity to take into account the impact of these environmental changes and the expert's adaptive capacities but also the limits of expert's adaptive capacities.
Introduction

Depth visual perception and new technology environment
Depth perception is an essential component of human behavior that determines the accuracy and the quality of human interaction with the environment in everyday life. However, technological interfaces are more and more present and create new barriers between the subject's perception and his/her actions. The perception comes through screens with 2D or 3D images and thus becomes indirect. Furthermore, 2D and 3D images do not carry the same information and thus do not lead to the same performances (Bingham and Pagano 1998; Jackson et al. 1997) . Indeed, 3D image contains more cues, especially in order to accurately and efficiently guide the action (Bruce et al. 2003) . Although monocular cues compensate somewhat for the lack of depth perception in 2D view and are useful for some tasks (providing performances similar to 3D view, e.g., in distance estimation, Falk et al. 2001; Servos 2000) , 2D vision has been shown to particularly affect kinematics and human pattern motion. Indeed, in 2D view, subjects tend to underestimate object distance when performing reaching and grasping movements (Greenwald et al. 2005; Servos, 2000; Marotta et al. 1998) , while verbal judgment tasks are not or significantly less affected by 2D view comparing to 3D view. Although 3D images lead to better performance than 2D ones in reaching and grasping tasks, the influence of the subject's expertise on this difference has never been investigated. Furthermore, research has been principally realized in laboratory settings, while variables related to context including interface environment influence performance.
Context of the research: minimal invasive surgery
As in all work contexts, 2D/3D images are more and more widespread in medicine. In surgery, for example, most surgical operations are now performed using minimal invasive surgery. This technique involves the introduction of a camera and long instruments into the body through small incisions. Laparoscopic and robotic surgery represents a definite progress in patient's treatment (very small incisions, smaller risks of infections, higher accuracy due to the magnification by the camera, fast recovery). However, recent studies (Blavier et al. 2007a, b; Blavier and Nyssen 2010; Healey and Benn 2009) showed that modern remote and robot-assisted surgery transforms in-depth the human-machine system and requires new skills (technical, cognitive and communicative) to control and keep the level of performance and safety. One of the major drawbacks of these new surgical technologies is the indirect view of the field (by camera) and the loss of tactile and force feedbacks. As the sensory information is reduced, the image transmitted by the endoscopic camera provides surgeons the main source of information to guide their action during the operation. In classical laparoscopy, the image is in 2D, but modern robot-assisted surgery allows a 3D view of the operating field, which should lead to better performance during surgical subtasks correlated with visual-spatial ability such as the ability to manipulate and rotate complex three-dimensional organs. However, previous surgical studies report contradictory results concerning the impact of 3D and 2D images on performance in minimal-access surgery: Some studies show that the best performances are obtained using 3D vision (Birkett et al. 1994; Blavier et al. 2006; Dion and Gaillard 1997; Peitgen et al. 1996; Taffinder et al. 1999; Van Bergen et al. 1998) , while others failed to reveal any difference in performance between 2D and 3D view (Crosthwaite et al. 1995; Hanna et al. 1998; Pietrabissa et al. 1994 ). In Birkett et al. (1994) study, only the complex tasks were performed faster and more easily with 3D view than with 2D view, whereas no difference between 2D and 3D appeared in the easiest tasks. In a previous study, we showed that the difference in the task complexity could be at the origin of the contradictory results (Blavier et al. 2007a) . The divergence in previous research is also partially due to the fact that first-generation 3D systems, with their lower resolution, were compared with standard 2D systems (Falk et al. 2001) . Nowadays, new 3D systems (as the Da Vinci surgical robot) allow a natural bi-dimensional view and thus suppress the bias observed in previous studies. Finally, another divergence source in previous studies is that the participants had different levels of expertise (in some studies, participants were confirmed surgeons, while in other studies, they were medical students without any surgical experience).
In this context, our purpose is to address the questions of surgical expertise, training and transfer of skills from one interface environment to another according to the task complexity. Does the routine expertise derived from specific practice with one interface environment allow or facilitate performance with another? Are the skills for one task transferable to another task apparently similar? What are the expert's capacities of transfer of skills and adaptation? The rapid technological evolution emphasizes the relevance of these questions for training and safety reasons. Some years ago, Hatano and Inagaki (1986) differentiated between routine-reproductive and adaptive-creative expertise. The experts are adaptive in the sense they can modify a procedure according to the constraints of the environment including the technological device. In contrast, the routine experts rely on heuristic, procedure and are described as lacking of flexibility in new environments. For example, Sternberg and Frensch (1992) found that expert bridge players suffered more than novice players when the game's procedure was changed. A different approach to expertise is to study experts in comparison with novices on a continuum focusing on the development of expertise. Dreyfus and Dreyfus (1986) proposed a fivestage model of the acquisition of expertise from the novice stage (literally someone who is new into the domain) to the expert stage who does not only see what has to be done but also how it must be achieved. During the first stages, people acquire a representation of the task and learn to react to some features and to follow some procedures so they can avoid errors. During the subsequent stages, the performance becomes more smoothly and efficient, people see goals and salient features of the current situation, but lack of experience to know what to do to achieve their goals and have to fall back to procedures. In the final stage, expert people are able to decide how to achieve the goal discriminating a vast repertoire of encountered situations and to perform the task with a minimal effort. In this model, we can assume that adaptive expertise reflects the differential demands of the task environment that include the changing human-machine systems. During the last decade, several researchers (Klein and Hoffman 1993; Klein and Salas 2001; Woods and Hollnagel 2006; Ericsson et al. 2006; Hoc and Amalberi 2007 ) made a strong plea for the study of expertise in more 'ecological' context, extending our focus from the individual to the socio-technical system level. At that level, expertise refers to the operational knowledge that is acquired through interaction with tools and people. As a result, one can think that the more the work, environment is standardized, normalized, the less people will encounter different demands, the less they will have the opportunity to adjust their skills or knowledge and acquire adaptive expertise.
Better understand how expert performer is sensitive to change of techniques and how is able to transfer skills derived from practice with one interface environment to another will help us to better design systems and training programs that allow not only the acquisition of the amount of practice needed to reach specified level of mastery but also the acquisition of skills or knowledge so they can gradually modify their own mechanisms and produce continued improvement in the direction of adaptive expertise.
The development of simulators for training people has driven new opportunities of research on transfer of learning. Several studies Scott et al. 2000; Nyssen et al. 2002; Norman et al. 2006 ) have now shown that cognitive or technical skills acquired on low-fidelity models are transferred and improve performance on higher fidelity simulator and on real work setting. In a previous paper, we have argued that transfer occurs because the lowfidelity model preserves the functional but also the psychological inherent aspects of the task; this appears to be more relevant that the structural aspect of fidelity (Nyssen and De Keyser 2001; Norman et al. 2006 ). However, we have also argued that simulators are traditionally oriented to the acquisition of decision algorithms, procedures engendering routine expertise. Several authors (Geary 2003; Milo and Ruijssenaars 2002) have written that it is better to teach first routine expertise and only afterward adaptive expertise. But, given the decrease in flexibility that might accompany increased expertise in a domain, this educational choice seems risky in changing work environments (Feltovich et al. 1997 ). More research is needed to determine the moment to start striving for flexibility and how to do it (Verschaffel et al. 2009) .
In this paper, we compare performance of expert surgeons and medical students on two training simulators, a robotic system and a laparoscopy system, to better understand the acquisition and the transfer of skills from one system to another and document the risk associated with their use as an exclusive training tool. We used a new generation of 3D system, the da Vinci robotic system, in order to evaluate the impact of 2D and 3D images on surgical tasks performance according to their complexity level and to the participant's expertise. We compared this robotic system in both 3D and 2D modes with the classical laparoscopy (2D screen with low-dexterity instruments). We used the level of expertise (defined as a function of practice with a technique) and the task complexity (recognized as so by the practitioners) as independent variables. We also studied the impact of the interface environment on the subject's self-confidence, satisfaction and facility during the learning, knowing that these factors influence the performance (Blavier et al. 2007a, b; Jones and Cale 1997; Marshall et al. 2001) .
Method
Materials
Two systems were used in order to conduct our experiment: a pelvitrainer for the conventional laparoscopy and the Da Vinci Robot for Master-Slave Robot in 2D and 3D (2D and 3D MSRI).
The pelvitrainer used for the classical laparoscopic condition (from EthiconÒ) is a box with a lid with holes in which the long and rigid instruments and camera are introduced. The pelvitrainer is classically used for residents training and in published experiments. The optical system consists of the laparoscope, the camera, the light source and the video monitor (Storz endoskopeÒ). The video monitor provides a 2D image that gives the main information in order to control the action. In our experiments, the camera was always controlled by the same observer.
The Da Vinci system consists of two primary components: the surgeon's viewing and control console and a moveable cart with three articulated robot. The surgeon is seated in front of the console, looking at an enlarged threedimensional binocular display on the operative field while manipulating handles that are similar to ''joy-sticks''. Manipulation of the handles transmits the electronic signals to the computer that transfers the exact same motions to the robotic arms. The computer interface has the capability to control and modify the movements of the instrument tips by downscaling deflections at the handles (by a factor between 5:1 and 2:1). It can also eliminate physiologic tremor and adjust grip strength applied to the tools. The computer-generated electrical impulses are transmitted by a 10-m-long cable and command the three articulated ''robot'' arms. Disposable laparoscopic articulated instruments are attached to the distal part of two of these arms. The third arm carries an endoscope with dual optical channels, one for each of the surgeon's eyes. The two cameras (one for each eye) generate two slightly different images as human stereoscopic vision and display depth naturally, without effects of image distortion or eyestrain. Moreover, the 3D visualization with this system can be changed to 2D if desired (the 2D view is produced by displaying the same image for both eyes). In order to compare 2D and 3D with the exactly same system, we used 3D and 2D options in this study.
The conventional laparoscopy and MSR conditions differ thus in both visual and control ergonomics. There are considerable differences about the visual display because with the MSR, the image can be in 2D or 3D but also is different and closer to the actor. On the action control point of view, there is also more than one difference between the two systems. With the MRS, all tactile and force feedbacks are absolutely absent (visual control give the only information to guide the action), but all dexterity and hand movements are recovered. In conventional laparoscopy, the force feedback is present, but the degree of freedom for the instruments' movements degrees of instruments freedom (DOF) is restricted at 4: The very long and rigid instruments are one of the main drawbacks for novices as well as navigating in a 3D space with a 2D view (Chan et al. 1997 ).
Participants
Our participants were divided into 3 groups according to their expertise. Twelve medical students without any experience in open, laparoscopic or robotic surgery constituted the novice group. The second group was constituted by twelve surgeons who were experts in classical laparoscopy (number of interventions in classical laparoscopy [100). The third group was constituted by four surgeons who were experts in classical (2D) and robotic (3D) laparoscopy (number of interventions with laparoscopy and robotic system [100). At the time of the study, we were able to find only 4 robotic experts due to the novelty of the system. In order to avoid ambiguity between these two last groups, the second group was named ''laparoscopic experts'' and the third one was named ''robotic experts'' (although they were also expert in classical laparoscopy). We determined the level of expertise on the basis of the number of interventions that is the element usually used in protocol research in surgery (Hernandez et al. 2004) , even if other elements could be taken into account (e.g., experience years and performance to a specific task).
Procedure and experimental design
The experiment consisted of two phases. In a first phase of familiarization, the participants repeated a task 10 times (task 0, see description below) either with the robotic system in 2D, the robotic system in 3D or in classical laparoscopy. The objective was to familiarize mostly medical students with the surgical techniques.
In the second phase, all participants performed 4 tasks of increasing complexity in each of the three experimental conditions (classical laparoscopy, robotic system in 2D and 3D). The experimental conditions order was counterbalanced for each participant. After each task, participants answered a questionnaire we used in a previous research (Blavier et al. 2007a ) in order to evaluate their satisfaction, self-confidence and difficulty on a four-point Likert scale (very low, low, strong, very strong satisfaction, self-confidence and difficulty). Table 1 resumed the three experimental conditions. Using the robotic system in 2D and in 3D, we were able to differentiate the impact of the visual mode on performance because it was the only difference between these two conditions. This allowed us to evaluate the perceptive dimension according to the expertise. The instrumental dimension was evaluated by the comparison between the robotic system in 2D and the conventional laparoscopy, in which the DOF constitute the main difference (Blavier et al. 2007a, b) . In contrast to a previous study (Blavier et al. 2007b ), we did not ask participants to carry out the tasks with the laparoscopic instruments and direct 3D view because of the lack of ecology of this situation that does not exist in real surgical settings.
Experimental tasks
Tasks were selected with the collaboration of an expert surgeon, according to their relevance and validity which had been demonstrated in previous studies (Blavier et al. 2007a, b; Derossis et al. 1998; Reznick et al. 1997; Scott et al. 2000) . The tasks were devised ranging from basic to more advanced laparoscopic skills. For each task, we calculated a specific performance score that we describe in Table 2 .
Results
A two-factor multivaried variance analysis (MANOVA) was conducted with the environmental condition as a within-subject factor (classical laparoscopy, robotic system in 3D or in 2D) and the expertise level as a between-subject factor (novice, laparoscopic expert, robotic expert). We used Tukey test (HSD for samples of different sizes) for the post hoc comparisons. The results are presented in Table 3 .
Effect of expertise
Our results showed that experts (both laparoscopic and robotic experts) performed better than novices (medical Table 3 ). However, the difference between the 3 groups changed according to the technique. In classical laparoscopy and with the robotic system in 2D, robotic and laparoscopic experts showed similar performance (except in task 3), which was significantly better than the medical students' performance (p \ 0.05). On the contrary, with the robotic system in 3D, robotic experts performed better than laparoscopic experts (in tasks 1 and 2, p \ 0.05) and novices (in all tasks, p \ 0.05).
Effect of interface environment
Our results showed performances were better with the robotic system in 3D than with the two other techniques (respectively for each task, F = 7.85, p \ 0.05, g p 2 = 0.37, F = 16.82, p \ 0.0001, g p 2 = 0.38, F = 6.24, p \ 0.05, g p 2 = 0.21, F = 5.74 p \ 0.05, g p 2 = 0.19) but this difference was not similar for all the tasks and for all participants. In the novices' group, performance was significantly better using the robotic system in 3D, than with the robotic system in 2D and than with the classical laparoscopy system (p \ 0.05). In the robotic experts' group, the performances were significantly better with the robotic system in 3D than with the robotic system in 2D (p \ 0.05, no significant difference with the classical laparoscopy). We observed no significant difference among the three conditions in the laparoscopic experts' group: They showed similar performances using classical laparoscopy and the robotic system in 2D and 3D except in task 3, in which laparoscopic experts obtained significantly better performances with the robotic system in 3D than with the robotic system in 2D (without any significant difference with classical laparoscopy).
Effect of interaction and task complexity
We showed a significant interaction effect between expertise and interface environment for the first 3 tasks (respectively for each task, F = 6.55, p \ 0.05, g p 2 = 0.21, F = 2.54, p \ 0.05, g p 2 = 0.12, F = 3.51, p \ 0.05, This task involved grasping and picking up five five-millimeter plastic beads from a starting position, transferring them and finally dropping them into a receptacle. This task required fine motor skills to grasp the pieces accurately as well as a good distance perception to place the pieces into the receptacle in an accurate way. It also required camera moves and allowed to study and develop the two-handed video-eye coordination (Scott et al. 2000) . As only one hand was used in classical laparoscopy, the subjects in this condition performed 5 trials with the dominant hand and 5 trials with the non-dominant hand in order to train both hands
Time to perform each trial Task 1: checkerboard
This task involved arranging 16 rubber letters and numbers into the appropriate squares on a flat surface. It allowed to study spatial relationships on a flat surface and to evaluate accurate fine motor skills (Scott et al. 2000) . Moreover, this task involved reading letters and numbers, and thus an accurate identification process
Number of letters and numbers correctly placed into the squares in 4 min Task 2: rings route This task involved passing a needle through rings. This task required depth perception and wrist articulation skills (Scott et al. 2000) . It also required particular skill when transferring the needle and therefore a good two-handed video-eye-hand coordination
Number of rings the needle went through in 4 min
Task 3: circular pattern cutting
This task consisted in cutting a circular pattern. This task involved using the grasper in one hand and applying tension to the material while cutting with the endoscopic scissors in the other hand (Derossis et al. 1998) Diameter cut in 4 min, with bonus points if the pattern was cut in less than 4 min. We also calculated a penalty score by measuring the percentage area of deviation from the circle outline Task 4: suture and knot
This task involved placing and tying a simple suture using premarked points. This task required specific skills when transferring the needle, placing the suture and tying the knot (Derossis et al. 1998) . Suture required manual dexterity to manipulate the instruments and developed two-handed coordination (Scott et al. 2000) The score was measured by the time (in seconds) to perform both suture and knot Cogn Tech Work (2014) 16:509-518 513 g p 2 = 0.17, F = 2.06 p = 0.09, g p 2 = 0.12). This result showed that difference between novices and experts varied across the interface environments. Moreover, the difference between experts and novices and between the interface environments varied according to the task complexity. Indeed, the comparison across the tasks showed that although experts were able to perform all the tasks in the three interface environments with more or less variability, the novice ability to perform the tasks seemed more dependant of the level of task complexity and of the interface environment. For all tasks (except in task 3), laparoscopic experts showed similar performance across the different interface environments and robotic experts obtained better performance with the robotic system in 3D than in the two other conditions. On the contrary, in novices group, advantage of an interface environment was not constant across the tasks: In task 1 (checkerboard), novice performance was better with the robotic system in 3D comparing to the robotic system in 2D and conventional laparoscopy (p \ 0.05); in the second task (rings route) and third task (circular pattern cutting), novice performance was significantly different between the 3 conditions: The best performance was obtained using the robotic system in 3D, then the robotic system in 2D and finally, with classical laparoscopy (p \ 0.05); and in the fourth task (suture and knot), novice performance was significantly better with the robotic system (in 2D and 3D) than in conventional laparoscopy (p \ 0.01). These variations across tasks that were not observed in expert performance suggest that novice performance is influenced by both the complexity of the task and the interface environment. In easiest tasks, robotic system in 3D seems to be an advantage; in tasks of medium difficulty, the 3D but also the robotic system (wit instruments dexterity) seem to have a cumulative positive effect on performance: And in very complex task that requires fine gesture, the robotic system, whatever the visual dimension (2D or 3D), leads to a better performance than conventional laparoscopy because of the degree of freedom for the instruments' movements.
Subjective assessment
The answers to the questionnaire showed a main effect of the human-machine system on the satisfaction (F = 6.36, p \ 0.05) and on the self-confidence in all tasks (F = 13.46, p \ 0.005, no significant effect on difficulty evaluation, see Fig. 1 ).
Participants were more satisfied with the robotic system in 3D than in the two other conditions. They felt more confident with the robotic system in 3D than with the robotic system in 2D in tasks 1 and 2 (p \ 0.05) and than classical laparoscopy and robotic system in 2D in tasks 3 and 4 (p \ 0.05). We also showed a main effect of expertise: Robotic experts were significantly more satisfied than the other participants in tasks 1 and 4 (p \ 0.05). All experts felt more confident than medical students, particularly laparoscopic experts in tasks 2, 3 and 4 (p \ 0.005), and experts reported less difficulty than novices in tasks 1 and 4 (p \ 0.05). Finally, when we compared the experimental conditions with the participants' expertise, we observed that in classical laparoscopy, novices were significantly less satisfied, less confident and met more difficulties than all experts, and that laparoscopic experts were significantly more confident and met less difficulties than robotic experts. On the contrary, with the robotic system (2D and 3D), we observed no difference between the three groups of participants.
Discussion
There are numerous studies reporting a positive relation between expertise and practice, but there have been little 'ecological' work on transfer of skills derived from practice with one interface environment to another. The rapid evolution of new technology at work makes these issues critical for safety and training reasons. This paper considers how easily novices and experts can perform some specific surgical tasks switching from one interface environment to another. We compared medical students' and surgeon experts' performance in two interface environments using 2D/3D views. Moreover, the comparison of performance using 2D and 3D views within the robotic system allowed us to differentiate the transfer of learning of the perception and the instrumental inputs on performance. Our results confirmed that the impact of perceptive (2D-3D) and instrumental differences between the systems was reduced in experts' performance. Indeed, although we obtained a significant difference of performance between the visual (2D-3D) and the interface (laparoscopy/robotic) environment in the novices' group, this difference was less obvious in the experts' group, and it was particularly the case for laparoscopic experts. Novice participants obtained a better performance with the robotic system in 3D than with the robotic system in 2D (tasks 1, 2 and 3) and with classical laparoscopy (tasks 1, 2 and 4). On the contrary, laparoscopic experts obtained similar performance with the three interface environments (except for the third task). Robotic experts obtained a better performance with the robotic system in 3D than in the two other conditions in most of the tasks (1, 2 and 4). These results showed a variable sensitivity to the perceptive (2D-3D) and instrumental (robot-classical laparoscopy) aspects according to the level of expertise but also according to the type of task.
The loss of depth perception in minimal invasive surgery is the main drawback for the novice to overcome when facing the television monitor (Chan et al. 1997) . Indeed, the performance of novices was particularly reduced in 2D view contrary to laparoscopic experts who obtained similar performance in 2D and 3D. The absence of difference between 2D and 3D in the performance of laparoscopic experts suggests that they have developed some cognitive mechanisms in order to compensate for the loss of depth perception in 2D view. Laparoscopic experts have a daily practice of operating with 2D images and have thus learned to accurately use monocular cues in order to guide their action (this learning requires a long training and is the object of a wide surgical literature, Pietrabissa et al. 1994; Derossis et al. 1998) . Our results showed that with practice, laparoscopic experts have learned to use monocular cues in order to perform with 2D image as well as with 3D view and are thus less affected by the difference between 2D and 3D view. Previous studies have shown that monocular cues are sensitive to learning process (Marotta et al. 1998) . These cues are processed by mechanisms that are more conscious, slow and requiring more cognitive resources, in contrast with binocular cues that are processed by unconscious, automatic and fast mechanisms (Bruce et al. 2003; Rock 2001) . Indeed, recent studies have shown that 2D vision requires longer and slower information processing than 3D vision (Greenwald et al. 2005; Mazyn et al. 2004) . With practice, monocular cues would be integrated in real time with action in experts' performance, while the performance of novice participants in 2D vision would be, on the contrary, characterized by a nearly conscious processing of the 2D cues in order to guide their action. Indeed, in our experiments, novices' performance in 2D view was characterized by a trial and error process, monocular cues allowing to explicitly guide the action (e.g., novice participants explicitly used occlusion in evaluating distance, particularly in rings route and knot tasks). This different processing of 2D-3D images between novice and expert participants may explain the divergent results described in the surgical literature on the impact of 2D and 3D view on surgical performance: Studies using novice participants observed difference between 2D and 3D view (Hubens et al. 2003; Taffinder et al. 1999) , while other studies involving expert participants failed to obtain any difference between 2D and 3D view (Hanna et al. 1998; Chan et al. 1997; Crosthwaite et al. 1995) .
On the other hand, we observed that robot experts also performed differently in 2D-3D, contrary to laparoscopic experts. However, this difference of performance did not exactly correspond to the one highlighted in novices' performance: Contrary to novices, robot experts were already using compensatory mechanisms in 2D vision (because they were also laparoscopic surgeons and they obtained a performance similar to laparoscopic experts in classical laparoscopy), but their expertise with the robotic system allowed them to exploit better the 3D visual information and thus to improve their performance with the 3D robotic system by comparison with laparoscopic experts. Indeed, the only difference between laparoscopic and robotic surgeons is observed with the robotic system in 3D and not in the two other conditions. These findings suggest that routine expertise derived from practice with 2D images in one specific interface environment does somehow generalize to other 2D interface environment and that routine experts can benefit from practice with different techniques and interfaces and switch easily from one technique to another. This is not the case for novices. In previous research (Nyssen and Blavier 2013; Blavier et al. 2007b) , we showed for medical students a drop of performance after both technical and perceptive switch, suggesting that there is no transfer of skills in novice performance.
Concerning the instrumental dimension, our results showed that novices' performance was generally better with the robotic system than in classical laparoscopy. On the contrary, the surgeons met with more difficulties with the robotic system in 2D than in classical laparoscopy. If novices' performance was disturbed by the difficulty of instrument manipulation, surgeons were more disturbed by a 2D vision with the robotic system (which is unusual for them) than by instruments manipulation, in which they are expert. These findings were also corroborated by the subjective evaluation: Surgeons (particularly, the laparoscopic group) felt more confident and less in difficulty in classical laparoscopy than with the robotic system in 2D, contrary to novice participants.
Finally, we observed differences according to the complexity of the tasks particularly in the novices' group. Indeed, we showed that the varied complexity of the tasks did not affect the experts' performance contrary to the performance of novice participants. Novices' performance was particularly influenced by the perceptive dimension in easier tasks (1), by both perceptive and instrumental dimensions in tasks of medium difficulty (2 and 3) and by the instrumental dimension in the most difficult task (4), which required very fine gesture. For example, in task 4, it seems that the additional DOF (instrumental dimension) mainly accounted for the difference between the laparoscopic and robotic performance and this difference in the instruments far outweighed the minor difference between 2D and 3D vision with the robotic system. Consequently, it seems that transfer of learning must be seen in relation to the features of the task and can be balanced with the affordances inherent in the interface environment to perform the task. This result suggests that novice ability to perform the tasks is more dependent of the level of task complexity and of the interface environment than expert performance. Indeed, the transfer of learning across surgical tasks is different depending on the level of expertise (experts/novices) but also on the interface environment and on the type of task. Several authors (Wanzel et al. 2003, Nyssen and De Keyser 1998) have shown that novice trainees learned a simple task and found difficulties in transferring to a more complex task on the same environment. The difficulties can be assessed lower or higher depending on the interface environment, leading to more questions about the design of training and interface tools.
Although the major limitation of this study is the size of our robot expert sample, the study was conducted in 'ecological valid' setting that embodies the inherent attributes of surgical activity.
The results presented in this paper gave some idea about how an interface environment can stimulate or impede the acquisition of expertise for specific tasks and how to engender adaptive expertise. Experts do have adaptive transfer capacities and are able to transfer their skills independently of the human-machine system. However, robotic surgeons have better performance than laparoscopic surgeons with the robotic system in 3D, suggesting that they have developed a routine expertise which is also human-machine system dependent. This human-machine system dependence of routine expertise was also highlighted by the fact that robotic surgeons' performance was more disturbed by 2D view with the robotic system than laparoscopic surgeons. This result shows that even if we observe transfer of skills, expert's performance is disturbed by changes in the interface environment.
It appears that if we want to promote transfer of skills in order to perform tasks without significant loss of performance, we need to pay serious attention to keep variety at work and varying learning opportunities with different techniques (new and old techniques). Encountering and performing continuously with different interface environments appear to be one condition for placing routine experts on the trajectory toward adaptive expertise.
However, more research is needed on how novices will acquire the earlier stages of development of expertise in relation to the task complexity and to the affordances inherent in the interface environment in order to organize training programs that cultivate routine and adaptive expertise.
